environmental impact of different types of N fertilizer treatments.
seedling crops. The one that comes the closest is the FORESTSR, a submodel of the SOIL-SOILN model (Eckersten, 1994) , which simulates NO 3 losses under 0-T he artificial regeneration of forests through to 4-yr tree stands. Because of the context similarity, planting is an important activity in Quebec, Canada. models developed for agricultural soils could be used to In 1995, 140.4 million seedlings were produced in forest simulate the N dynamics in forest tree nursery soils, maktree nurseries and 67 400 ha were reforested with these ing them potential management tools for nurserymen. seedlings (Parent, 1999) . The production of bareroot
The objective of this study was to determine if a model seedlings in nurseries requires large amounts of inorganic simulating the N dynamics in agricultural soils could be fertilizers as well as the application of organic fertilizers used to estimate soil inorganic N levels in forest tree and pesticides. The current trend is to use inorganic fertilnursery soils. The AGRIFLUX model (Banton and Larizers containing N, P, and K on a weekly basis to satisfy ocque, 1997) was selected because it has been tested the seedling growth requirements. Nitrogen fertilization and has proven to be reliable in different agricultural with either NH 4 , NO 3 , or urea [CO(NH 2 ) 2 ] applied at diffield conditions (Larocque and Banton, 1995 ; Dupuy et ferent frequencies and intensities not only has an effect al., 1997; Larocque et al., 1998; Lasserre et al., 1999) . on seedling growth, but also influences the amount of
In the current study, this model was used to simulate NO 3 leached to the groundwater. The growing concern the inorganic soil N contents under four N fertilizer for environmental protection and optimal seedling protreatments. The model was applied to a forest tree nursery (Saint-Modeste nursery, Forê t Qué bec, MRN) loduction creates a need for better comprehension of the cated in Quebec, Canada.
M. Larocque, Dé partement des Sciences de la Terre et de l'Atmosph- the unsaturated zone, at the level of the agricultural field mulating until the air temperature rises above the freezing point in the spring. A reduction factor for the accumulated (homogeneous area). The soil profile is divided into homogeneous layers which depths can be adapted to represent vertical snow is used to represent sublimation. Snowmelt is simulated using a degree-days method (Linsley et al., 1975) . This method variations in soil properties. A daily time step is used in the calculations. Table 1 presents the major processes and their is relatively simple and uses only the air temperature as a global factor representing the combined effects of radiation, related parameters.
MATERIALS AND METHODS
The water budget in AGRIFLUX includes the simulation wind, rain, and thermal exchanges. Infiltration is calculated as the minimum value between the water input (rain or snow of precipitation, snowmelt, infiltration, runoff, water uptake by plants, evaporation, and percolation (vertical water flow). melt) and the available pore volume in the first layer of soil. Runoff occurs when the first layer of soil cannot retain the In AGRIFLUX, daily precipitation is generated statistically. The number of days with precipitation is assumed to be contotal water input for 1 d. Percolation is the vertical movement of water in the unsaturated zone towards the groundwater. stant from month to month and the probability of rain events is assumed to be independent from day to day. In the model,
The soil layers are discretized as compartments. Percolation is simulated using a Darcy-Richards approach, with a spatial a series of dry and wet days is generated randomly (from the interannual mean number of wet days). For each wet day, discretization of the soil based on the homogeneous soil layers, and a daily time step. Water flow occurs as a cascade driven precipitation is generated using an exponential distribution. This approach has the advantage of requiring limited data by the available pore volume of the underlying soil layer. It is limited by the water speed which is calculated with the (interannual mean values of monthly precipitation). In forest tree nurseries, where irrigation is often required, the irrigation unsaturated hydraulic conductivity function of Irmay (in Bear, 1988) . volumes are added to the monthly precipitation averages to evaluate the total water input. Rain precipitation occurs as
The processes represented in the N cycle include fertilizer inputs (source, timing, and amount of inorganic and organic long as the air temperature is above freezing. When the air temperature falls below freezing in the fall, snow starts accu-N), mineralization, nitrification, denitrification, and N uptake beds. At the end of the 1993 growing season, the black spruce ‡ The organic matter content of both seedling beds was measured in 1991, corresponding to the beginning of the simulations.
seedlings were 3 yr old and were 2 ϩ 1 stock (the first number § Average value for Seedling Bed 4.
represents the number of years in the seedbed, and the second ¶ Average value for Seedling Bed 9.
number corresponds to the number of years after transplantation in another cultural block). Consequently, 4-yr-old seedby seedlings. Nitrate in the soil solution can be mobilized with lings (2 ϩ 2 stock) were produced in 1994 and 5-yr-old seedrunoff, drainage, and leaching water. Biochemical processes lings (2 ϩ 3 stock) were produced in 1995. Fifteen irrigation are linked to the soil temperature and water content through applications were performed at a rate of 5 mm per 30-min the reaction rates. Both soil temperature and water content period from the end of May to the middle of August 1993. influence rates of mineralization, nitrification and denitrificaIrrigation was applied using sprinklers whenever necessary to tion. Most mathematical representations of the different soil satisfy the water requirements of the 3-yr-old seedlings (2 ϩ N cycle processes are based on those used by Johnsson et 1 stock) and to maintain a soil water content close to field al. (1987) .
capacity. No irrigation was applied in 1994 and 1995. In AGRIFLUX, the seedling N uptake curve is represented
In May, 1994, a completely randomized design with four N with a normal distribution curve truncated at plus and minus fertilizer treatments (T1, T2, T3, and T4) and three replicates three standard deviations. The start and end of the curve (plots) was set up in each seedling bed. Plots measured 2 by correspond to the beginning of the growing period and to the 1.5 m 2 (the normal width of cultivation plots in forest tree end of seedling N uptake. The area under the curve is the nurseries is 2 m). For all N fertilizer treatments, a total of 186 total seedling N requirement. The beginning and the end of kg N ha Ϫ1 was applied during the 1994 growing season to meet the growing period and total N requirements are easily deterthe growth requirements of the 4-yr-old seedlings (Table 3) . mined from a seasonal growth curve of the total dry mass The AS treatment (T1) was applied as a fertilizer solution in of seedlings (Langlois and Gagnon, 1993) . This nutritional each plot: nine applications of 300 mL plot
. The approach has been tested with field measurements of seedling SCU treatments consisted of broadcast granules over the plots N uptake (Banton and Marquis, 1996) . Although it has not applied in one application per plot (T2), two applications been tested for water uptake, the approach is assumed to be (T3), or three applications (T4) ( Table 3 ). In 1995, the 5-yr-old applicable to this process as well. Evapotranspiration is mostly seedlings (2 ϩ 3 stock) received no fertilization. related to seedling water uptake and occurs during a limited Soil NO 3 and NH 4 concentrations were determined four time each year. The model user provides monthly potential times in 1994 (June 9, July 14, August 31, and October 18) evaporation data and the model distributes this value over and twice in 1995 (June 8, October 4). At each sampling date, each month. The amount of water corresponding to the combione bulk soil sample was collected from two depths (0-20 cm nation of potential evaporation and seedling water uptake is for the root zone and 20-40 cm immediately below the root extracted from the soil (as a function of evaporation and zone) in each of the 3-m 2 plots. A total of 24 soil samples rooting depth) if enough water is available.
were therefore collected from each seedling bed at each sampling date. The soil samples were sieved at 2 mm and analyzed
The Experimental Site
for inorganic N concentration. Inorganic N was extracted with 2 M KCl and NH 4 and NO 3 concentrations (mg N kg Ϫ1 ) were The field experiment was designed to measure the impact determined by flow injection analysis (Tecator FIAstar 5020 of different N fertilization treatments on the availability of Analyzer, Tecator Inc., Herndon, VA). inorganic N (NH 4 and NO 3 ) in a forest tree nursery soil. Two
To estimate the seasonal seedling N uptake in each seedling sources of N were compared: NH 4 as AS (21-0-0) and urea bed, 18 seedlings were harvested from each N fertilizer treatas SCU (38-0-0), both applied at different frequencies. The ment (six seedlings per plot ϫ 3 plots) at the end of the selected experimental site (Saint-Modeste nursery) is a provin-1994 and 1995 growing seasons. This sampling frequency was cial forest tree nursery (Forê t Qué bec, MRN) located in the designed to limit the impact of harvests on the seedling density municipality of Saint-Modeste ( 47Њ50Ј N. lat., 69Њ30Ј W. long.), (ෂ60 seedlings m Ϫ2 ). At each harvest, the growth parameters Quebec, Canada. The soil texture of Seedling Beds 4 and 9 of the seedlings were measured (shoot height, root-collar diin the selected nursery Block 130 was a sandy loam. This soil is classified under the orthic humo-ferric podzol and orthic ameter, and shoot [stem, leaves] and root dry weights) and their N contents were analyzed. Total N was determined sepaance was used to determine if the effect of N fertilizer treatment and seedling bed on soil inorganic N concentrations was rately in shoot (stem and leaves) and root tissues following digestion in concentrated H 2 SO 4 , H 2 O 2 , and Se in digestion significant. For each soil sampling date, the GLM procedure of the statistical package SAS (SAS Institute Inc., 1990) was tubes maintained at 370ЊC. The N contents in the digest solutions were measured by colorimetry using a continuous flow used to perform an analysis of variance (ϰ ϭ 0.1) of the soil inorganic N concentrations in response to N fertilizer treatspectrophotometer (model QuickChem 8000, Lachat Instruments, Milwaukee, WI). ment. Among the different methods that can be used to establish Undisturbed soil samples were collected once in 1999 to determine hydrodynamic properties and bulk density. The the accuracy of a model for the prediction of measured values, the Root Mean Square Error (RMSE) was chosen as a devisamples were collected at 16 random locations from Block 130 and from adjacent blocks with sandy loam soils. At each ance measurement (Willmott et al., 1995) . The hypothesis that differences between measured and simulated soil N are location, undisturbed samples were taken at depths 5 to 15, 25 to 35, and 55 to 65 cm. The samples were analyzed in the independent and normally distributed with a mean of zero was tested by performing a t-test on the average difference laboratory to determine saturated hydraulic conductivity using a constant head method (Klute and Dirksen, 1986) . The satubetween measured and simulated results (average residual). The average of absolute residuals is used to quantify the averrated samples were weighed and put to drain on a tension table (Topp et al., 1993) for 3 d and weighed again to calculate age simulation error. drainage porosity. The drained samples were oven-dried at 105ЊC for 24 h and weighed again to determine dry weight.
Model Parameters
Bulk density was obtained by dividing sample volume by dry
The soil profile was divided into four layers. The first layer weight. Soil sampling for organic matter content was per-(0-20 cm) corresponds to the rooting depth and to the first formed in May 1991. A composite sample was collected from sampling depth. The second layer (20-40 cm) lies immediately random locations in the 0-to 20-cm layer of both seedling under the rooting depth and corresponds to the second sambeds. The organic C content was determined using the Walpling depth. Two other layers (depth of 30 cm each) were kley-Black method (Nelson and Sommers, 1982) . with a coefficient of variation (CV) of 20% were used for Monte-Carlo simulations were performed for each N fertilizer treatment. all the parameters except hydraulic conductivity, for which a lognormal distribution with a CV of 100% was used. Use of the normal distribution was based on field measurements of Sensitivity Analysis some parameters and extended to all parameters as a default value. In previous work (Larocque and Banton, 1995) , a CV A sensitivity analysis (McCuen, 1973) was performed to identify the most influential parameters, which need to be of 10% was observed to be too small to represent the variability of the phenomenon, and a larger value was therefore used determined with the greatest accuracy. The relative sensitivity coefficient, S r (ratio between the relative variation of the studin the current study. The parameters were used as measured or found in literature and were not calibrated. One hundred ied result, ␦F/F, and the relative parameter variation, ␦X/X ), provides a direct comparison of the influence of the different simulation period (measured model output), and the potential NO 3 leaching out of the root zone (an unmeasured result). parameters. The sensitivity analysis was performed using all the parameter values required to describe one of the plots receiving AS (T1) as a reference scenario. The parameters
RESULTS AND DISCUSSION
were modified within a plausible variation interval (-50 to The statistical analysis of the measured soil inorganic ϩ50%) and were analyzed one by one. No cross-correlations N concentrations in response to N fertilizer treatments were investigated. Three model results were used in the analysis: the simulated soil NO 3 and NH 4 contents averaged over the at each sampling date and soil depth are presented in Table 4 . The results show that there was a significant treatment (results not shown) indicated no significant differences at p Ͻ 0.1. This trend is no longer visible in difference (p Ͻ 0.1) between the N fertilizer treatments for only one sampling date during the experiment (4 October 1995, after 1 yr without fertilization. Again, this could be because of variations in the mineralization Oct. 1995, depth of 0 to 20 cm). However, there was a significant difference between the two seedling beds at of organic matter, the only inorganic N source in 1995. Simulated soil inorganic N contents are illustrated in 0 to 20 cm for both sampling dates in 1995 (p Ͻ 0.01) and at 20 to 40 cm for two of the sampling dates in 1994 Fig. 1 . The temporal trend of the inorganic N in the soil is generally well evaluated. For T2 (single application (p Ͻ 0.1). The treatments showed different effects (p Ͻ 0.1) for the two seedling beds (seedling bed x treatment of SCU), the model accurately simulates the increase in inorganic N in the upper soil layer after fertilization interaction) on two sampling dates at a depth of 0 to 20 cm. The limited significant differences between the and its decrease during the growing season. Simulated results of the T3 and T4 (multiple SCU applications) N fertilizer treatments were probably because of the large variations in the measured inorganic N at each show an increase in inorganic N following fertilization, which is not evident from field measurements. The simusoil sampling date. These treatments were nevertheless simulated separately. Since the seedling beds presented lated inorganic soil N content under T1 (biweekly application of AS) does not reproduce its measured seasonal significantly different inorganic N contents, they were also simulated separately.
evolution. The decrease in inorganic N content with soil depth is well represented by the model for all four treatments and both seedling beds. The low inorganic
Simulation Results
N contents measured in 1995 are also well simulated For comparison with model results, the measured infor all four treatments, in both seedling beds and soil organic N concentrations (mg N kg Ϫ1 ) were transformed depths. Since there was no fertilizer input in 1995, these into inorganic N contents (kg N ha Ϫ1 ) by multiplying results indicate that the mineralization of organic matter the measurements with soil bulk density and soil depth is well simulated. The differences between the simula-(0.2 m). In the following analysis, the measured and tions and the measurements can be attributed in part simulated soil NO 3 and NH 4 contents are summed to to the small number of sampling dates. More frequent represent the inorganic N available to seedlings and sampling would ensure better representation of the tempotential NO 3 leaching. Figure 1 illustrates the average poral variations in the inorganic N contents. It would measured inorganic N contents with their minimum and also ensure that a consistent time elapsed between fertilmaximum values. The AS treatment (T1) shows tempoizer application and soil sampling. ral variation in soil inorganic N contents, probably in Model accuracy was measured in different ways (Taresponse to repeated N applications. For the SCU treatble 6). The RMSE for soil inorganic N content is smallest ments (T2, T3, and T4), in the 0-to 20-cm layer, the for T1 and greatest for T3. Therefore, the model simuinorganic N contents are greatest 4 wk after the May lates the soil N response to fertilizer treatment better 11 fertilization and decrease thereafter. The repeated with split inputs of AS over the growing season than applications of SCU in the T3 and T4 treatments are not the N fertilizer treatment with one to three inputs of apparent from field measurements. The soil inorganic N SCU. The average residuals calculated for the four fertilcontents are lower at 20 to 40 cm than in the upper soil izer treatments are small and not significantly different layer. The soil inorganic N contents are also lower, and from zero (t-test, p Ͻ 0.05). This suggests that the model less variable, in 1995. This difference may be because of is not biased when data are pooled by fertilizer treatthe absence of fertilization in 1995, making soil organic ment. The RMSE is greater in the 0-to 20-cm layer matter mineralization the only source of inorganic N than in the layer below the root zone and is similar for during that year. Results for both seedling beds show both seedling beds. The average residuals calculated for ( Table 5 ) that there appears to be a trend for higher the first soil layer are significantly different from zero mean seedling N content in October 1994 under T1 than at p Ͻ 0.05. This suggests that the model may overestiunder T2, T3, or T4. However, an analysis of variance Table 6 . Differences between simulated and measured soil inorof the seedling N content in response to N fertilizer ganic N contents, presented by N fertilizer treatment, seedling bed, and soil depth. mate the soil inorganic N contents in the first soil layer. seedlings throughout the growing season and could be responsible for the apparent trend (although not conThis could be because of underestimates of simulated N uptake by seedlings or simulated N losses through firmed statistically) towards higher seedling N contents in seedlings fertilized with T1. runoff. Losses by volatilization are not likely, at least for the SCU treatment. The model accurately simulates
In AGRIFLUX, the Monte Carlo approach is used to represent parameter variability. This variability includes the inorganic N in the layer below the roots. This result is interesting because the inorganic N found in this layer uncertainty as well as the spatial and temporal variability of parameters. The CV of the parameters reflecting is likely to find its way (at least partially) to the watertable. When pooling all the data, the absolute residual this total variability are very difficult to identify in the field without extensive sampling. The average CV's of indicates that the average simulation error for the entire experiment is 25.2 kg N ha Ϫ1 . The t-test performed on the simulated results (over the 1994-1995 period), which range from 45 to 74%, are generally smaller than the these residuals shows a slight global overestimation of soil inorganic N levels at ␣ ϭ 0.05. Field measurements measured ones. This difference is attributable to an underestimation of the CV used for individual parameters. show that inorganic soil N contents can vary significantly. For a given sampling date, measured soil inorNonetheless, these measured and simulated results show the importance of using a stochastic model, which reganic N varies from 0.5 to 441 kg N ha Ϫ1 in the 0-to 20-cm layer, and from 0.13 to 245 kg N ha Ϫ1 in the 20-flects the effect of process variability on the results. to 40-cm layer. The greatest difference occurred in June 1994 and the smallest in October 1995. Considering this
Sensitivity Analysis
variability, the absolute average simulation error ap-
The results of the sensitivity analysis (Table 7) show pears to be reasonable.
that most of the parameters tested have a |S r | of Ͻ0.5.
The variability of measured soil inorganic N reflects
This means that variation in the model results is Ͻ50% the spatial and temporal variability of this measurement of the variation of the input parameter. and is attributable to the variability of the NH 4 content.
Among the most influential parameters, the amount The CV of the measured inorganic N contents for the of precipitation (PREC; see appendix for a complete different treatments (both depths combined) was used list of abbreviations) has a significant impact on the as an estimate of variability. Figure 2 shows that this average soil inorganic N contents (but much less so on variability reaches a peak on 30 Aug. 1994 for all treat-NO 3 leaching). This finding provides further insight into ments except T4 where the peak is attained in October.
the simulation results presented above, indicating that Maximum variability occurs 16 wk after the fertilizer part of the difference between the measured and simuapplication in T2, 8 wk after the last fertilizer application lated inorganic N contents could be because of differin T3, and 4 wk after the last fertilizer application in ences between actual and simulated precipitation. The T4. Thus it may be related to the amount of inorganic N stochastic simulation of precipitation used in the model remaining in the soil from the last fertilizer application.
respects monthly precipitation levels but does not exFertilization provides large amounts of inorganic N, and actly reproduce the rain events that occurred during buffers the soil's natural variability. Therefore, the the study period. Similarly, monthly evaporation has a closer the sampling date is to a fertilizer application, considerable effect on soil inorganic N contents, and the lower the measured variability will be. Following monthly air temperature significantly influences NH 4 this reasoning, the frequent fertilizer inputs in T1 could contents. explain the reduced variability in inorganic soil N under
The N content of the inorganic fertilizer (FER_N) this treatment. This suggests that using split N fertilizer has the most influence on the potential NO 3 leaching applications is advantageous for the management of soil out of the root zone, but has much less impact on the inorganic N. It ensures the availability of N for the soil NO 3 and NH 4 content. This is explained by the NO 3 increase following a large application of inorganic fertilizer. Since the amount of N required by the seedlings remains constant, the excess NO 3 leaches rapidly downward because of high soil permeability and has little effect on soil NO 3 and NH 4 contents. In light of this sensitivity analysis, it can be expected (at least in the model) that the more frequent, smaller applications (T1) are less conducive to NO 3 leaching to the groundwater. The high S r value for this parameter does not preclude the use of the model because the N input from fertilizers is generally known. Parameters related to the transformation of the organic matter (LITEFF, LITHF, HUMK, ORG_MAT, and CNORG) have a relatively large influence on inorganic N contents and NO 3 leaching. This finding is im- and must be obtained from literature. Moreover, it is known that the parameters responsible for organic matsoils could be used to estimate soil inorganic N contents ter transformation are interrelated; an increase in one in forest tree nursery soils. The soil inorganic N contents parameter can decrease the influence of another paramunder different N fertilizer treatments were simulated eter. These interactions were not tested in the current to test the model under varied conditions. study, but have been reported by Larocque and Banton Results show that the fate of soil inorganic N was (1996) . The seedling N uptake (PL_N) also has a signifirelatively well simulated for all N fertilizer treatments; cant impact on all three model output variables. This the temporal changes in inorganic N content was well parameter is relatively well known and can be measured simulated overall; the decrease in N with soil depth was in the field. accurately represented; the low inorganic N contents in The results of the sensitivity analysis also show that 1995 were well reproduced. The N fertilizer treatment drainage porosity (DR_POR) has a significant influwith split applications (AS) was better simulated overall ence on soil NO 3 and NH 4 contents. On the other hand, than the three other treatments (SCU) and also shows the saturated hydraulic conductivity (SATK) has little the least variability in soil inorganic N contents. This impact. These findings can be explained by the Darcyresult is interesting since split N applications are among Richards approach used in the model. This robust reprethe current fertilization trends in forest tree nurseries. sentation puts less emphasis on hydraulic conductivity
The inorganic N contents were slightly overestimated (which is highly variable in the field and difficult to deterglobally and in the root zone (0-20 cm). They were mine precisely) and more weight on the drainage porosmore accurately simulated in the layer below the roots ity, a parameter that is easier to measure. These results (20-40 cm) . Considering the variability of measured soil are indications of the robustness of the AGRIFLUX N levels, the overestimation appears to be relatively model.
small and the results still provide a usable estimate of All of the other parameters have less influence on N availability to seedlings. The accurate simulation of the results. For example, seedling water uptake has a inorganic N below the root zone is an indicator of a S r Ͻ 10% for all three response variables. This informagood simulation of NO 3 leaching to the groundwater. tion is particularly interesting for nurserymen since
The average absolute error of the model output is small seedling water uptake is very difficult to measure and compared with the measured variations of soil inorganic those data are usually unavailable.
N contents. Sensitivity analysis showed that most parameters used CONCLUSION in the model had relatively little influence on the results. The most influential parameters were either available The objective of the study was to determine if a model designed to simulate N dynamics in agricultural field or can be measured easily. This is a sign of the stability of the inorganic N content of the soil, allowing them to adjust the amount of inorganic N fertilizers to minimize REFERENCES NO 3 leaching while providing the necessary nutrients to the seedlings. 
